Natural killer (NK) cells hold promise for cancer therapy. NK cytotoxicity can be enhanced by expression of chimeric antigen receptors that re-direct specificity toward target cells by engaging cell surface molecules expressed on target cells. We developed a regulatory-compliant, scalable non-viral approach to engineer NK cells to be target-specific based on transfection of mRNA encoding chimeric receptors. Transfection of eGFP mRNA into ex vivo expanded NK cells (N ¼ 5) or purified unstimulated NK cells from peripheral blood (N ¼ 4) resulted in good cell viability with eGFP expression in 85 ± 6% and 86 ± 4%, 24 h after transfection, respectively. An mRNA encoding a receptor directed against CD19 (anti-CD19-BB-z) was also transfected into NK cells efficiently. Ex vivo expanded and purified unstimulated NK cells expressing anti-CD19-BB-z exhibited enhanced cytotoxicity against CD19 þ target cells resulting in X80% lysis of acute lymphoblastic leukemia and B-lineage chronic lymphocytic leukemia cells at effector target ratios lower than 10:1. The target-specific cytotoxicity for anti-CD19-BB-z mRNA-transfected NK cells was observed as early as 3 h after transfection and persisted for up to 3 days. The method described here should facilitate the clinical development of NK-based antigen-targeted immunotherapy for cancer.
Introduction
The capacity of natural killer (NK) 1 cells to exert cytotoxicity against a variety of cancer cell types makes them an attractive tool for anti-cancer therapy. [2] [3] [4] [5] [6] [7] Data gathered in the setting of allogeneic hematopoietic stem cell transplantation indicate that donor selection based on the degree of mismatch between expression of killer immunoglobulin-like receptors on donor NK cells and HLA Class I molecules expressed by the patient cells should maximize NK cell killing of target cells, 4, [8] [9] [10] hence augmenting the efficacy of hematopoietic stem cell transplantation. 6, 7, 11 In addition, it was reported that the infusion of haploidentical NK cells in a nonmyeloablative transplant setting could produce remissions in patients with acute myeloid leukemia. 5 Although NK cell cytotoxicity has a wide spectrum, some cancer cell types appear less susceptible or refractory to NK cell killing, because of failure to activate NK cells, induction of suppression or both. Among these relatively NKresistant cell types are lymphoid malignancies such as acute lymphoblastic leukemia (ALL), B-cell chronic lymphocytic leukemia (B-CLL) and B-cell non-Hodgkin lymphoma. 3, [12] [13] [14] [15] [16] Chimeric antigen receptor has been studied since late 1980s. [17] [18] [19] [20] [21] [22] It generally contains a single chain variable fragment as the extracellular antigen recognition unit and multiple lymphocyte activation domains as the intracellular activation part. Most work has been focused in arming T cells with this chimeric antigen receptor for antitumor effect [21] [22] [23] NK cells transduced with chimeric antigen receptor have also been exploited for anti-tumor effect. Various combinations of intracellular activation domains were studied. The inclusion of both signal molecules of CD3x and 41BB was found not only to be optimal for mediating more activation signals, and producing higher IFN-g and GM-CSF by NK cells after contacting to antigen-specific target cells, 18 but also to help NK cells to both direct their reactivity towards specific cell types and significantly augment their cytotoxicity. 19, 20, 22, [24] [25] [26] Thus, expression of a receptor binding CD19, a surface molecule widely expressed in B cell malignancies, and delivering activation signals through CD3z and 4-1BB (anti-CD19-BB-z) could overcome killer immunoglobulin-like receptor-mediated inhibition and render NK cell highly cytotoxic against ALL cells.
19 Therefore, the development of a practical and efficient method for large-scale expression of chimeric antigen receptors in NK cells should have important clinical applications.
Electroporation is an established and efficient non-viral method for loading molecules into a wide variety of cell types. [27] [28] [29] [30] [31] We here report a practical scalable method to efficiently transfect expanded and purified unstimulated NK cells through electroporation of mRNA encoding the anti-CD19-BB-z chimeric antigen receptor. With this method, we observed a high transfection efficiency and high cell killing of CD19-positive target cells. This method can be applied to chimeric receptors with different specificities, is suitable for large-scale transfection, and it should be easily translatable to a clinical setting.
Materials and methods

Cells
The CD19
þ human B-lineage ALL cell line, OP-1, 32 and the genetically engineered myeloid leukemia cell line, K562, co-expressing 4 1BB ligand and membrane bound IL-15 18 were generated at St Jude Children's Research Hospital (Memphis, TN) and were maintained in RPMI-1640 supplemented with 10% fetal bovine serum and antibiotics. Leukemic cells were obtained from the peripheral blood of patients with B-CLL with appropriate informed consent and approval (George Washington Hospital). Peripheral blood from healthy donor cells was obtained from BRT Laboratories, Inc (Baltimore, MD). Peripheral blood mononuclear cells were prepared with Ficoll density gradient centrifugation, washed twice with phosphate buffered saline, and frozen in liquid nitrogen until use.
Purified unstimulated NK cells were selected from peripheral blood mononuclear cell according to the manufacture's protocol using a Miltenyi NK cell isolation kit (Auburn, CA) and frozen in liquid nitrogen until use. NK cell expansion was achieved as described earlier by Imai et al. 18 Briefly, peripheral blood mononuclear cells were cultured with irradiated and thawed K562 cells co-expressing 4-1BB ligand and membrane-bound IL-15. Cultures were performed in the presence of 10 IU ml À1 to 100 U ml À1 IL-2 in the presence of 10% FBS and antibiotics.
Gene constructs used for electroporation A transgene encoding anti-CD19 single chain variable region conjugated with the 4-1BB intracellular domain and the CD3z domain was cloned from the parental plasmid pMSCVanti-CD19BBZ 19 into pVAX1 (Invitrogen, Carlsbad, CA). The cloning was performed by digesting the parental plasmid pMSCVanti-CD19BBZ and the pVAX1 vector with EcoR I and Xho I and ligating using T4 DNA ligase (NEW ENGLAND BioLab, Beverly, MA). The cloned pVAX1-aCD19BBZ was used as a template for in vitro mRNA transcription after linearization with XbaI. The mRNA encoding anti-CD19-BB-z (mRNA anti-CD19-BB-z) was transcribed in vitro with T7 RNA polymerase using the Ambion mMESSAGE mMACHINE T7 Ultra kit (Ambion, Austin, TX). The mRNA quality and quantity was analyzed by 1% agarose gel electrophoresis after 15 min denaturation at 70 1C in mRNA denaturation buffer (Invitrogen, Carlsbad, CA) and quantitation by UV spectrophotometry (OD260/280). The mRNA encoding eGFP (mRNA-GFP) was transcribed in vitro using template of Cla I-linearized pCI-eGFP plasmid cloned into the pCI backbone (Promega, Madison, WI) and the same Ambion kit as mentioned above.
Electroporation
Purified unstimulated NK cells were thawed in a 37 1C water bath and incubated for 0.5-1 h at 37 1C in prewarmed fresh complete medium (RPMI-1640 þ 10% FBS þ antibiotics) before transfection. Expanded NK cells were harvested for transfection 6-12 days after expansion. After collection, both expanded and purified unstimulated NK cells were washed once with EP buffer (MaxCyte, Gaithersburg, MD), mixed with 100 mg ml À1 mRNA (unless specified, at 1-3e8 cells ml À1 ), transferred into MaxCyte processing chamber (Gaithersburg, MD), and transfected using the program 'Expanded-NK#3' and 'unstimulated-NK#1' for expanded and purified unstimulated NK cells, respectively, using a MaxCyte GT system (MaxCyte, Gaithersburg, MD). Immediately after electroporation, cells were recovered from the processing chamber and incubated for 20 min at 37 1C, and then resuspended and cultured in complete medium. Expression was analyzed by flow cytometry using a FACSCalibur and CellQuest software (Becton Dickinson, San Jose, CA).
The MaxCyte GT system (MaxCyte, Gaithersburg, MD) has capabilities for both static small volume (as mentioned above) and computer-controlled flow large volume electroporation. 31 The flow electroporation is achieved by computer-controlled repeated cycles of electroporation. Each cycle consists of three steps: flowing in a fraction of cells into flow chamber, transfection, and flowing out the transfected cells for collection. If mRNA transfection could maintain the similar transfection efficiency from fraction to fraction, mRNA transfection could be scaled up. About 10-20 transfection cycles with 4 ml per cycle (holding capacity for MaxCyte current chamber) could achieve relevant volume for clinical applications. However, considering the cost in primary cell expansion and mRNA production, using not too high cell volume for transfection to obtain meaningful scale-up result is pursued in this study. Because of this, a mini-flow chamber with 0.8 ml holding-volume capacity (manuscript in preparation) was designed, aiming at achieving 10-20 fractions in flow electroporation with about 10 ml cell volume. NK cells expanded for 10 days were washed twice with 10 ml of EP buffer (MaxCyte, Gaithersburg, MD), resuspended with EP buffer to a diluted cell concentration (5-14 ml at 4e7 cells ml 
Detection of chimeric antigen receptor expression and immunophenotyping
To detect anti-CD19-BB-z expression, NK cells were stained with goat anti-mouse (Fab) 2 polyclonal antibody conjugated with biotin (Jackson Immuno Research Labs, West Grove, PA) followed by staining with peridinin chlorophyll protein (PerCp; Becton Dickinson, San Jose, CA)-labeled streptavidin. Cells stained with goat biotinconjugated IgG followed by streptavidin-PerCp were used for negative gating.
The following antibodies were used for immunophenotypic characterization of NK cells: anti-CD3 conjugated with fluorescein isothiocyanate, anti-CD19 conjugated with phycoerythrin (PE), anti-CD16-PE, and anti-CD56-PE.
Cell-killing assay
To facilitate a high throughput analysis of cell killing, we developed a simple non-radioactive cell-killing assay that is based on FACS analysis combined with acetoxymethylcalcein (calcein-AM, Molecular Probes, Eugene, OR)-labeled target cells (manuscript in preparation). Briefly, calcein-AM pre-labeled target cells (10 5 cells in 100 ml) were co-cultured with 100 ml of either transfected, nontransfected NK cells or just fresh medium at various E:T ratios in each well of a 96-well U-bottom tissue culture plate in triplicates (Costar, Cambridge, MA). The 96-well plate was centrifuged at 400 g for 5 min before cell culture in a 37 1C 5% CO 2 incubator. The cells were resuspended and transferred to 4 ml FACS tubes for FACS analysis at the indicated time points.
In some experiments, an earlier reported antibody staining method was used for measuring cell killing. 19 Briefly, unstained target cells (10 5 cells in 100 ml) were co-cultured with 100 ml of either transfected, non-transfected NK cells or just fresh medium at various E:T ratios in each well of a 96-well U-bottom tissue culture plate in triplicates (Costar, Cambridge, MA). After centrifugation at 400 g for 5 min, the cells were cultured for the indicated cell-killing time. The cells were harvested and stained with anti-CD56-PE and/or anti-CD19-fluorescein isothiocyanate antibodies for 20 min on ice. After washing in phosphate buffered saline, the cells were resuspended with 200 ml of phosphate buffered saline and analyzed by flow cytometry.
Cell-killing assays were performed in the absence of exogenous IL-2. During acquisition, the FACS collection time was kept constant at 15 s. The specific cell lysis (%) was calculated using the following formula:
where N Target is the number of viable target cells cocultured with NK cells and N Control is the number of viable target cells cultured alone, in the absence of NK cells. Cell killing was assessed at 4 h, unless specified otherwise. (Figure 1a and b) . Transfection did not significantly affect cell viability (Figure 1a and b) . The mRNA-transfected cells had a decreased proliferation rate for the first day post-transfection, but they typically recovered and exhibited similar proliferation rates as control cells later. The transfected NK cells expanded to 58±7% (n ¼ 4) of the cell numbers of control cells during the 4-day culturing period post-transfection. The mRNA concentration in the range of 25-200 mg ml À1 resulted in similar cell post-EP proliferation (data not shown).
Statistic analysis
Data were presented as mean ± s.d. Unpaired Student's t-test (Microsoft Excel) with two tails was used to determine the significance of results. Statistical significance was determined as Po0.05. Results eGFP transfection of human NK cells In our first set of experiments, we tested whether eGFP could be expressed in NK cells after transfection of the encoding mRNA mediated by electroporation. Percentage of GFP-positive NK cells after transfection was high, ranging from 81 to 92% (86±5%) in experiments with purified unstimulated NK cells (n ¼ 3) and with NK cell expanded for 6-12 days by coculture with K562-mb15-41BBL cells (n ¼ 3)
Transfection of the anti-CD19-BB-z chimeric receptor in NK cells
The effect of NK cell transfection on viability and expression efficiency was further studied using mRNA encoding a functional transgene, anti-CD19-BB-z. As shown in Figure 1c , anti-CD19-BB-z mRNA was transfected efficiently into expanded and purified unstimulated NK cells. Expression was dose-dependent, increasing with the increase of the used mRNA concentration from 25-200 mg ml À1 (data not shown). Transfection at day 1 post-transfection did not dramatically affect the percentage of viable cells as gated in the R1 region in this typical transfection result, with viabilities of control and transfected cells of 66 and 54% for expanded and 67 and 64% for unstimulated NK cells, respectively. As shown in Figure 1c , a clear anti-CD19-BB-z expression was achieved in both expanded and purified unstimulated NK cells (Figure 1d ). Percentage of anti-CD19BB-zpositive NK cells after transfection was high, ranging from 33 to 81% (58 ± 12%) in experiments with unstimulated NK cells (n ¼ 5) and with NK cell expanded for 6-12 days by coculture with K562-mb15-41BBL cells (n ¼ 10) (Figure 1c and d) . Expression of anti-CD19-BB-z in expanded NK cells decreased with time but remained detectable up to day 4 post-transfection (data not shown). In unstimulated NK cells, anti-CD19-BB-z expression for the observed 2-day expression was detected with a 20-30% decrease from day 1 to day 2. Similar cell To show the feasibility of scalability of mRNA transfection, we report here a novel computer-controlled flow electroporation of mRNA, in which the expanded NK cells were electroporated when they were pumped to flow through the flow chamber. The result was shown in Figure 2 . The transfection efficiency for collected fractions after flow electroporation and samples after static electroporation (30 ml each, n ¼ 4) led to a range of 92-98% and 94±1% in GFP expression, respectively. There is basically no decrease in transfection efficiency from fraction to fraction within 18 fractions. Also, the transfection efficiency of each fraction in flow electroporation is comparable to that of samples in 30 ml static electroporation. It was a successful scale-up transfection from 30 ml to 14 ml, a 400-500 folders increase. Our further study will need to overcome the cost restriction for mRNA production and the primary cell expansion so that we could exploit further scale-up study with chamber of 3.5 ml holding-volume capacity and routine cell concentration of 1-3e8 cells ml
À1
, which could lead to X1 Â 10 10 cell processing capacity at the current 18 fraction flow electroporation level.
Leukemic cell killing by NK cells transfected with anti-CD19BB-z Expanded NK cells transfected with anti-CD19-BB-z effectively and specifically lysed CD19 þ ALL cells. By contrast, NK cells transfected with GFP and NK cells electroporated without mRNA (EP alone) exerted no significant cytotoxicity over that exerted by non-electroporated NK cells (Figure 3a and b) . The degree of ALL cell lysis by NK cells expressing anti-CD19-BB-z receptors depended on the concentration of mRNA used. As shown in Figure 4 , cell killing was seen as early as 3 h post-transfection (Figure 4a and c) . A 4-h coculture resulted in B80% lysis of the OP-1 cells at E:T ratio of 1:2; 16-h coculture led to almost 100% lysis of the OP-1 cells at the same 1:2 ratio (Figure 4c ). NK cells transfected with anti-CD19-BB-z mRNA maintained their specific killing activity for up to 3 days post-transfection (Figure 4b When purified unstimulated NK cells were transfected with anti-CD19-BB-z mRNA, they also became highly cytotoxic to ALL cells, although to a less extent than expanded activated NK cells ( Figure 5 ). About 80% of the target cells were lysed in the 4-h assay at an E:T ratio of 8:1. The naive (no EP) and GFP mRNA-transfected unstimulated NK cells did not lyse target cells. Purified unstimulated NK cells from both donors showed similar killing ability.
We next assessed whether anti-CD19-BB-z-transfected NK cells, either expanded or unstimulated, could kill primary B-lineage leukemia cells. Figure 6 shows the killing of CLL cells from two donors using either expanded NK cells from one donor (Figure 6a ) or purified unstimulated NK cells from three donors (Figure 6b) . The killing efficiency for expanded NK cells was greater than that for purified unstimulated NK cells. At E:T ratio of 2:1 and 1:1, anti-CD19-BB-z-transfected expanded NK cells could lyse about 80-90% of target CLL cells; whereas, purified unstimulated NK cells could reach this killing level only at an 8:1 E:T ratio.
Discussion
In this study, we developed a scalable method for efficient mRNA transfection in human NK cells. When an anti-CD19 chimeric antigen receptor was expressed using this method, NK cells acquired powerful and specific cytotoxicity against CD19 þ leukemic cells. These results illustrate one of the potential applications of the technology, that is, redirecting the specificity of NK cells towards specific tumor cell types and augmenting their specific cytotoxicity.
Even though plasmid DNA electroporation has been most frequently used for electroporation, DNA uptake mediated by electroporation results in toxicity to many cells, including unstimulated and expanded hematopoietic cells, 33, 34 which hinders its application in primary cells. [35] [36] [37] [38] [39] [40] [41] [42] A great deal of attention has been dedicated to develop a method that could not only achieve high transfection efficiency but also preserve cell viability. The utility of mRNA transfection has recently been recognized in the development of cell-based therapeutic agents, 43 as it helps maintaining a high cell viability. The successful mRNA transfection of NK cells in the current report added to the mRNA transfection of dendritic cells, 41, 44 primary resting leukemia cells,
45
CD34 hematopoeitic stem cells, 46 and primary T and B cells 47 and showed the power of this non-viral method. 41, 42, 45, 47, 48 Unlike DNA, mRNA is unable to integrate into the host cell genome. Retroviral vectors can mediate effective transduction of chimeric antigen receptor in NK and T cells. 18, [23] [24] [25] Although effective, this strategy is laborious. With the method described here, high levels of receptor expression can be achieved within hours in a single-step procedure. Although mRNA transfection avoids integration into the host cell genome, 
Control-3h Control-1d Control-2d
Control-3d 
